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Background {#sec001}
==========

Granulocyte-colony-stimulating-factor (G-CSF) is produced by monocytes, macrophages, fibroblasts, endothelial cells and bone marrow stromal cells, respectively. It induces mobilization of progenitor cells and acts as proliferative agent for stem cells. On the other side G-CSF has well known pro-inflammatory properties, which might be explained due to its ability in controlling neutrophil numbers as well as their activity during inflammation.\[[@pone.0142532.ref001]\] As a clinical consequence of inflammatory mechanisms instent-restenosis but also progression of underlying coronary artery disease (CAD) might occur.\[[@pone.0142532.ref002]\] Further---as platelets are known to express G-CSF receptors---rising G-CSF plasma levels might result in a hyper-coagulable state due to increased platelet aggregation\[[@pone.0142532.ref003]\], which in turn might contribute to stent thrombosis, myocardial infarction and sudden death.\[[@pone.0142532.ref002]\]

Treatment with recombinant G-CSF has been under examination after myocardial infarction and a large number of clinical trials have tested its effects on myocardial infarct size.\[[@pone.0142532.ref004]\] It is suspected to prevent left ventricular remodeling and dysfunction after myocardial infarction; it may improve chronic myocardial ischemia and stimulates re-endothelialization after vessel-injury in animal models. In contrast to these beneficial aspects, there have also been safety concerns regarding an increase of in-stent restenosis in patients receiving recombinant G-CSF.\[[@pone.0142532.ref004]\]

However, despite various studies using recombinant G-CSF, it is not known whether plasma levels of circulating endogenous G-CSF are associated with an increased cardiovascular (CV) risk. Therefore, it was our aim to evaluate whether endogenous G-CSF plasma levels are associated with CV events and the occurrence of in-stent restenosis in patients with stable CAD.

Methods {#sec002}
=======

Patients {#sec003}
--------

We included consecutive 280 patients with angiographically proven stable CAD undergoing elective stent implantation for stable angina pectoris. Patients with unstable angina or myocardial infarction within the previous six months were not included. PCI and stent implantation (PCIs) was performed according to standard techniques and stent type was left to the decision of the experienced interventionalist. Study subjects received a loading dose of 600 mg clopidogrel pre-PCIs. Intravenous unfractionated heparin was administered as to standard practice. After the procedure, patients were maintained on aspirin 100 mg indefinitely, and clopidogrel 75 mg according to the guidelines of the European Society of Cardiology (ESC) (ref). Other medications such as beta-blockers and angiotensin-converting-enzyme inhibitors were given as appropriate. Statin therapy was routinely administered to all patients. The study was approved by the institutional ethics committee for human subjects (EK 10-046-VK_NZ).

Sample collection {#sec004}
-----------------

Blood from the cubital vein was taken under fasting conditions immediately before PCIs into serum seperator tubes. Samples were allowed to clot for 30 minutes (min), were then centrifugated at 1500g for 15min and stored at −80°C until use. G-CSF was measured by specific ELISA (R&D Systems, Minneapolis, MN), according to the manufacturer's instructions. Laboratory determinations were performed by investigators that were blinded to clinical characteristics and patients\' outcome.

Follow-up {#sec005}
---------

Patients were followed for a median of 30 (20--38) months for the occurrence of a combined clinical endpoint (MACE, including all cause death, myocardial infarction \[[@pone.0142532.ref005]\] and re-hospitalization for cardiac causes). No patients were lost to follow-up.

Statistical analysis {#sec006}
--------------------

We estimated a MACE rate of 15% over a median follow-up of 30 months in this cohort of CAD patients. Therefore, calculation of sample size revealed that we would need at least 245 patients to detect a difference in G-CSF serum levels of 20% with a power of 80% and significance level (two-tailed) of 0.05.\[[@pone.0142532.ref006]\] Continuous variables are expressed as mean ± SD or as median (interquartile range). Categorical variables are summarized as counts and percentages and were compared by the chi-square or by Fisher exact test as appropriate. Continuous variables were compared using Student\'s t-test when normally distributed and by Mann-Whitney-U test when not normally distributed. Spearman correlation was used to determine the correlation between level of G-CSF and cardiovascular risk factors. A multivariate Cox proportional hazards model was applied to assess the effect of G-CSF on event-free survival, giving hazard ratios (HR) and 95% confidence intervals (95% CI). The combined endpoint was used as dependent variable and potentially confounding baseline variables were used as independent variables. Baseline variables were selected for the model if they a) had either a clinically plausible relation with the outcome or b) appeared to be imbalanced between patients with and without clinical event indicated by a p-value \<0.20. Event-free survival rates until the first combined event or until death are presented as Kaplan Meier curves and compared by means of the Log Rank test. A value of p \< 0.05 (two-tailed) was considered statistically significant. All statistical analyses were performed with the statistical software package SPSS version 18.0 (SPSS, Inc., Chicago, Illinois).

Results {#sec007}
=======

Baseline characteristics of study population are given in [Table 1](#pone.0142532.t001){ref-type="table"}. The mean age was 64.5±11.1 years and 74.3% of patients were male. MACE occurred in 46 (16.4%) patients and 19 (6.8%) patients died during follow-up. G-CSF showed a small trend to increase with age (R = 0.11; p = 0.057) but was not associated with other baseline characteristics or CV risk factors. Angiographical and interventional characteristics of patients with and without combined endpoint during follow-up period are given in [Table 2](#pone.0142532.t002){ref-type="table"}.

10.1371/journal.pone.0142532.t001

###### Baseline characteristics of patients with and without combined endpoint during follow up period.

![](pone.0142532.t001){#pone.0142532.t001g}

                          Total         MACE         No MACE       p-Value
  ----------------------- ------------- ------------ ------------- ---------
  Age (years)             64.5±11.1     68.1±11.8    63,8±10.9     0.02
  Sex (male)              208 (74.3%)   33 (71.8%)   175 (74.8%)   0.71
  Hypertension, N (%)     219 (78.2%)   34 (73.9%)   185 (79.1%)   0.44
  Diabetes, N (%)         65 (23.2%)    12 (26.1%)   53 (22.6%)    0.70
  Family history, N (%)   22 (7.9%)     2 (4.3%)     20 (8.5%      0.55
  Smoker, N (%)           68 (24.3%)    10(21.7%)    58 (24.8%)    0.47
  BMI (kg/m^2^)           28.0±4.6      28.1±4.9     27.9±4.5      0.85
  Hyperlipidemia, N (%)   212 (75.7%)   30 (65.2%)   182 (77.8%)   0.09
  Previous MCI, N (%)     78 (27.9%)    21 (45.7%)   57 (24.4%)    0.003

Values are given as mean±SD or n (%); MACE: major adverse cardiovascular events (death, myocardial infarction, rehospitalisation); BMI: body mass index; MCI myocardial infarction.

10.1371/journal.pone.0142532.t002

###### Angiographical and interventional characteristics of patients with and without combined endpoint during follow-up period.

![](pone.0142532.t002){#pone.0142532.t002g}

                             Total         MACE         No MACE       p-value
  -------------------------- ------------- ------------ ------------- ---------
  CAD extent (1VD/2VD/3VD)   (139/80/61)   (19/13/14)   (120/66/42)   0.26
  Target Vessel                                                       
      LM                     2 (0.7%)      1 (2%)       1 (0.4%)      0.11
      LAD                    132 (47%)     17 (37%)     115 (49%)     
      CX                     67 (24%)      9 (19%)      58 (25%)      
      RCA                    77 (28%)      19 (42%)     58 (25%)      
  Number of stents           1.37±0.65     1.46±0.48    1.35±4.0.62   0.33
  Type of stent                                                       
      BMS                    123 (44%)     26 (56%)     97 (42%)      0.06
      DES                    157 (56%)     20 (44%)     137 (58%)     

MACE: major adverse cardiac cardiovascular events (death, myocardial infarction, rehospitalisation); CAD: coronary artery disease; BMS: bare metal stent; DES: drug eluting stent.

Patients with CV events during follow-up showed significantly higher endogenous G-CSF levels before PCIs (32.3 pg/mL IQR 21.4--40.5 pg/mL vs. 24.6 pg/mL IQR 16.4--34.9 pg/mL; p\<0.05). Median G-CSF levels for patients with or without MACE during follow up are shown in [Fig 1](#pone.0142532.g001){ref-type="fig"}. Patients with G-CSF plasma levels above the median had a two-fold increased risk for a CV event (p\<0.05). Cox regression analysis revealed that this was independent from established CV risk factors ([Table 3](#pone.0142532.t003){ref-type="table"}). Survival curves for patients with G-CSF plasma levels below the median and above the median for the combined endpoint are shown in [Fig 2A](#pone.0142532.g002){ref-type="fig"}, and for all-cause mortality in [Fig 2B](#pone.0142532.g002){ref-type="fig"}. All-cause mortality showed a trend to be increased in patients with G-CSF above the median as compared to G-CSF plasma levels below the median (p = 0.06), respectively.

![Median G-CSF levels for patients with or without combined endpoint (all-cause death, myocardial infarction or re-hospitalization) during follow up.\
\* p\<0.05.](pone.0142532.g001){#pone.0142532.g001}

![Cumulative CV event-free survival (all-cause death, myocardial infarction and rehospitalization; A) and cumulative survival (all-cause mortality; B) for patients with G-CSF below the median (green, dotted line) and above the median (red, full line).](pone.0142532.g002){#pone.0142532.g002}
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###### Multivariate Cox proportional hazards model assessing the association between G-CSF (below and above median) and major adverse cardiovascular events (death, myocardial infarction and rehospitalisation).

![](pone.0142532.t003){#pone.0142532.t003g}

                                                                                        Laboratory Range      Hazard Ratio   95% confidence interval   p-value
  ------------------------------------------------------------------------------------- --------------------- -------------- ------------------------- ---------
  **Univariate Model**                                                                                                                                 
  G-CSF                                                                                 \<25.6 pg/mL          1.0            \-                        \-
  G-CSF                                                                                 25.6 to 145.3 pg/mL   1.97           1.06 to 3.65              0.031
  **Model adjusts for age, gender, hyperlipidemia, history of myocardial infarction**                                                                  
  G-CSF                                                                                 \<25.6 pg/mL          1.0            \-                        \-
  G-CSF                                                                                 25.6 to 145.3 pg/mL   1.88           1.01 to 3.49              0.046

**-** denotes reference category.

In addition, G-CSF plasma levels above the median were associated with a higher rate of in-stent restenosis in patients with bare-metal stents (BMS; 6.6% vs. 19.4%; p\<0.05; n = 123) but not in patients with drug-eluting stents (DES; 7.7% vs. 7.6%; p = 0.98; n = 157).

Discussion {#sec008}
==========

We were able to show for the first time that pre-existing plasma levels of G-CSF predict MACE in patients with stable CAD, independently from established CV risk factors. Furthermore, endogenous G-CSF levels predict clinical in-stent restenosis after implantation of BMS, but not after implantation of DES.

While other colony-stimulating factors like M-CSF and GM-CSF have been extensively studied in animal and clinical studies of atherosclerotic diseases, G-CSF has received hardly any attention and results are conflicting.\[[@pone.0142532.ref007]\] Addition of G-CSF to atherosclerosis-prone rabbits\[[@pone.0142532.ref008]\] and ApoE-/-mice\[[@pone.0142532.ref009]\] reduced atherogenesis, whereas conversely increased atherosclerotic lesion size in a study of Haghihat et all in ApeE-/-, possibly by increasing *vasa vasorum* neovascularization.\[[@pone.0142532.ref010]\] In addition, G-CSF acts pro-inflammatory by increasing neutrophil numbers and activity.\[[@pone.0142532.ref001]\] In the last years, a proatherogenic role of neutrophils have gained attention.\[[@pone.0142532.ref011]\] Recently, it has been shown that neutrophils within carotid plaques interleuk-8, vascular endothelial growth factor and elastase, which are crucial for plaque development and progression.\[[@pone.0142532.ref012]\] In addition, increased number of circulating neutrophils have been shown to predict risk of future cardiovascular events in patients with stable and unstable coronary syndroms. \[[@pone.0142532.ref013]\] In our study, G-CSF plasma levels above the median were associated with a 2-fold increased risk for the occurrence of all-cause death, myocardial infarction or rehospitalization during the follow-up period. In addition, all-cause mortality showed a trend to be increased in patients with G-CSF above the median as compared to G-CSF plasma levels below the median.

Animal studies have shown that G-CSF might prevent restenosis by acceleration of re-endothelialization and a decrease of neo-intima formation after vascular injury \[[@pone.0142532.ref008],[@pone.0142532.ref014]\]; However, it has also been shown that G-CSF induces migration of vascular smooth muscle cells.\[[@pone.0142532.ref015]\] We were able to demonstrate that endogenous G-CSF levels above the median are associated with an increased rate of clinical restenosis in BMS. Our results relating high enodgenous G-CSF levels and restenosis are in line with clinical studies which investigated G-CSF-treatment after myocardial infarction that demonstrated a higher rate of in-stent restenosis or had to be stopped due to a unexpectedly high rate of in-stent restenosis after G-CSF treatment.\[[@pone.0142532.ref016]--[@pone.0142532.ref019]\] Interestingly, in our study endogenous G-CSF levels were not associated with in-stent restenosis in patients undergoing DES implantation that may locally inhibit smooth muscle cell migration and proliferation.\[[@pone.0142532.ref020]--[@pone.0142532.ref023]\]

Limitations and Strengths {#sec009}
-------------------------

Some limitations of the present study have to be acknowledged. First, our study is of observational nature. Accordingly, our results may be explained by unmeasured confounding factors. Therefore, we tried to control for baseline imbalances by multivariate modeling. However, the possibility of residual or undetected confounding is small but cannot be ruled out completely. Although inflammation is a well-known contributor to atherosclerosis and G-CSF is known to increase numbers of neutrophils, differential blood count was not available in our patients, therefore it is not possible to analyse whether the observed effects could have been mediated through circulating neutrophils. On the other hand this investigation represents high-quality as patients were included consecutively and loss-to-follow-up was less than 1%.

Conclusion {#sec010}
----------

In conclusion, endogenous plasma levels of G-CSF predict CV events independently from established CV risk factors and are associated with in-stent restenosis in patients who underwent BMS implantation.
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